1. Introduction {#sec1-1}
===============

Optical imaging of cancer is becoming an increasingly useful instrument for refining early diagnosis \[[@r1]--[@r4]\], developing targeted therapies \[[@r5],[@r6]\] and monitoring of patient response to therapy \[[@r1],[@r7]\]. However, operating either as a unimodal \[[@r8],[@r9]\] or a hybrid technique \[[@r10]\], imaging in the visible region of the spectrum currently suffers from poor light penetration of the tissues. On the other hand, in the near-IR wavelength region (700-1200 nm) the tissues absorb and scatter light much less than in the visible range, allowing imaging of tumors down to several cm depths \[[@r11],[@r12]\].

Various estimates place the minimal cancer cell count, i.e. the limit where the tumor becomes clearly detectable, between \~5 × 10^5^ and \~10^9^ cells \[[@r13]--[@r15]\]. Such a wide variation results from many circumstances including different tumor histiotypes, different tumor morphologies, different anatomical locations and whether or not there exist any preclinical markers (such as the BRCA1 gene). Most current imaging techniques have stated minimal tumor sizes for detection that lie between 2 and 6 mm diameter \[[@r13],[@r16]--[@r19]\], which corresponds to the late preclinical stage of malignancy. Frequently, minimally detectable tumors are significantly larger than this, especially if the location is deeper inside the tissue \[[@r17],[@r20]\]. Therefore, increasing the detection sensitivity is essential for improving treatment outcomes. In this paper we describe novel imaging protocols that could be useful in early cancer detection, and, perhaps, also in monitoring dormant cancer deposits.

Two-photon excited fluorescence (2PEF) offers potential improvements over conventional one-photon excitation techniques, which include better 3D resolution, higher depth efficacy, higher specificity and lower scattering. Despite these advantages, few chromophores have been developed for use in tissues in the near-IR region. Indocyanine green has been approved for imaging in patients for some time, and most potential alternative dyes are related cyanine compounds. Styryl-9M is a water-soluble commercial dye that has efficient near-IR fluorescence and possesses large 2-photon absorption (2PA) cross section, σ~2~ = 750 GM at 1200 nm \[[@r21]\]. In our preliminary studies we have shown that Styryl-9M is particularly sensitive to its local environment under 2-photon hyperspectral conditions \[[@r22]\], which is related to the fact that this chromophore possesses a large change of the permanent electric dipole moment between the ground and the first excited state, Δμ = 25 D \[[@r23]\]. In addition, the Styryl dyes are known to be biocompatible \[[@r24],[@r25]\] and so make a good starting point for developing 2-photon imaging agents for use in the tissue transparency region. Most diagnostic methods are not sensitive enough to detect the minimum diagnostically relevant number of malignant cells in tissues. In this publication, we develop a novel *in vivo* dual-wavelength near-IR imaging technique that uses two-photon excitation of fluorescence of Syryl-9M by loosely focused 1 kHz repetition rate high peak intensity femtosecond laser pulses. In comparison to commonly utilized laser-scanning mapping mode with tight focus, the wide-field mode facilitates easier access to deeper tumors. We show that under these conditions Syryl-9M can detect as few as 10 cells in a biologically relevant phantom. This outstanding characteristic should bode very well for development of new highly efficient near-IR clinical imaging agents.

2. Methods {#sec1-2}
==========

2.1. Cells and cell culture {#sec2-1}
---------------------------

For our collagen gel phantom experiments, we required cell lines that we knew from experience would not be adversely affected by culturing in three dimensional collagen type I gels. This was true of all the cell lines used in this work. Three of the lines, normal mammary, +SA and 4T1, were also derived from the same BALB/c inbred mouse strain. The MDA-MB-231 and NIHOVCAR3 cells were chosen to represent malignant human cell lines. Passage two, normal mouse mammary epithelial cells were propagated from cells obtained from Dr. H. L. Hosick in 1974, and subsequently stored in liquid N~2~. The stocks were given to Dr. Hosick by Dr. A. J. Hackett \[[@r26]\]. They were propagated in tissue culture flasks coated with a dilute solution of Collagen Type IV (isolated by us from the EHS tumor). The medium used was DMEM:F12 (HyClone Thermo Fisher Scientific, Waltham, MA) supplemented with 10% (v:v) fetal bovine serum (HyClone Thermo Fisher Scientific, Waltham, MA), 2 µm/ml L-glutamine, 20 µg/ml gentamicin and ITS (insulin, transferrin and selenium supplement) as recommended by the manufacturer (Invitrogen). The same medium was conditioned by exposure for two days to logarithmically growing mouse 4T1 mammary carcinoma cells and subsequently filtered through 0.2µ pore sized filters. This conditioned medium was used at 25% (v:v) to facilitate the propagation of the normal mouse mammary epithelial cells. +SA mammary carcinoma cells were propagated from frozen stocks obtained from Dr. Hosick in 1986. These are a subline derived from the WAZ-2T tumorigenic line of the BALB/c mouse. Less than 1% WAZ-2T cells were able to produce colonies in soft agar culture \[[@r27]\]. Two soft agar colonies were picked and used to generate the +SA line. Characterization of early passages of +SA cells showed that they represented malignant, mouse mammary carcinoma cells \[[@r28]\]. The 4T1 mouse mammary carcinoma cell line was obtained from the ATCC, and represents highly malignant, aggressive mouse mammary carcinoma cells. Its behavior in BALB/c mice is very reminiscent of aggressive malignant mammary carcinomas in women. The MDA-MB-231 human mammary carcinoma cell line and the NIHOVCAR3 human ovarian carcinoma line were both obtained from the ATCC, and, in our hands, give rise to malignant tumors in *SCID* mice. All cell lines, with the exception of the normal mouse mammary epithelial cells, were grown in tissue culture plastic flasks (TPP, Techno Plastic Products, CH-8219 Trasadingen, Switzerland) on the unmodified tissue culture surface, using the medium described above without the addition of any conditioned medium. For subculture, the cell monolayers were washed with Ca^2+^- and Mg^2+^-free Tyrode's balanced saline, then exposed for 2 to 5 minutes to Ca^2+^- and Mg^2+^-free Tyrode's balanced saline containing 0.05% trypsin and 0.02% EDTA until the cells loosened from the substrate, followed by the addition of serum containing medium to inhibit further trypsin activity. Cell lines were subcultured weekly and cells were incubated at 37°C in a humidified atmosphere of 7% CO~2~ in air.

2.2. Preparation of collagen Type I based phantoms {#sec2-2}
--------------------------------------------------

Rat tail collagen type I was isolated by us using methods developed from the procedures described by Schor \[[@r29]\], Birkendal-Hansen and Dano \[[@r30]\], and Hallowes et al. \[[@r31]\]. Our methods are described in detail in \[[@r32]\]. The collagen solution was used at a concentration of 1mg/ml in sterile deionized water and was stored at 4°C. Because acid solutions were used to isolate the collagen, the final collagen solution was also very slightly acidic, which prevented premature gelling. A slightly alkaline setting solution containing concentrated base medium and hepes buffer \[[@r33]\] was used to initiate collagen gelling. To provide a more biologically relevant phantom, 1mg/ml bovine hemoglobin (Sigma-Aldrich, St. Louis, MO) was added to the collagen setting solution. Phantoms were prepared by mixing 1.5 ml collagen type I with 0.3 ml setting solution with or without 0.2 ml of complete medium containing 10^5^ cells. The mixture was rapidly poured into a sterile polystyrene disposable fluorescence cuvette (Sigma-Aldrich, St. Louis, MO) and allowed to stand for 30 minutes in room atmosphere. One and a half ml of serum and phenol red -free medium was layered over the collagen gel, and the phantom was then incubated, until used, at 37°C in a humidified atmosphere of 7% CO~2~ in air. Medium and buffers containing phenol red were avoided when collecting imaging data.

For imaging of cancer cell colonies, a phantom containing uniformly dispersed normal mammary epithelial cells was first prepared as described above, and, while the gel was still semi-set, an appropriate number of tumor cells were injected into the gel using a 1µl (lower concentrations ≤10^3^) or 10µl (cell concentrations \>10^3^) micropipette tip. To ensure repeatability of the injection procedure a template with an offset opening matching the micropipette tip was placed on the top of the cuvette. The template allowed us to better locate and align the tumor colony relative to the imaging apparatus. Staining of the phantom was accomplished by adding 7µl of a 10 mg/ml solution of Styryl-9M in DMSO to the medium above the gel. The dye was allowed to diffuse downwards throughout the gel matrix during an overnight incubation, after which the phantom was imaged.

The properties of the phantoms are illustrated in [Fig. 1](#g001){ref-type="fig"} Fig. 1Properties of the tissue phantoms. (a) General view of a collagen type I based phantom consisting of collagen matrix (lower half) and serum medium containing Styryl-9M (upper half); (b) a normal mouse mammary epithelial cell colony in a phantom after 2 days of incubation; (c) high magnification image of normal mouse mammary epithelial cell colony after 14 days of incubation.. Panel (a) shows a general view of a collagen type I based phantom positioned in the cuvette holder used for imaging. Panel (b) shows a normal mouse mammary epithelial cell colony in a phantom after 2 days of incubation. Panel (c) shows a normal mouse mammary epithelial cell colony after 14 days of incubation; photographed using a Nikon Diaphot inverted phase contrast microscope (X375).

2.3. Preparation of mice with tumor colonies in the external ear {#sec2-3}
----------------------------------------------------------------

4T1 cells were grown in tissue culture to late log phase (about 80% confluent). The cells were then harvested as described earlier. Balb/c female mice were anesthetized using isofluorane in oxygen. 4T1 cells, 10^5^ in 0.05 ml of serum free medium, were injected subcutaneously in the pinna of one ear using a glass 0.25 ml syringe and a 27 gauge needle. Styryl-9M in DMSO was diluted in serum free medium as described above and applied to both sides of the pinna 16 hours before imaging the tumor colonies.

2.4. Isolation of RNA and real-time PCR {#sec2-4}
---------------------------------------

When considering possible reasons for our different results staining normal and malignant cells with Styryl 9M, we noted that a related styryl dye, LDS-751, had been clearly demonstrated to bind to the drug efflux pump p-glycoprotein, giving rise to enhancement of its fluorescence \[[@r34]\]. The two human cancer cell lines would likely show an elevation in their expression of drug efflux pumps, because the patients, from whom they were isolated, would probably have received some chemotherapy. Elevations of drug efflux pump expression might not be expected for the mouse mammary cell lines for this reason. However, cancer and normal cell membranes are quite different in their compositions. Lipid changes, in particular, would be expected to lead to fluorescence changes for Styryl 9M. In this study, we evaluate the expression of drug efflux pump MDR1 proteins to gain some information relevant to this question.

For each cell line, two 150 x 20 mm tissue culture dishes were grown to near confluency. The medium was removed and the cell monolayers rapidly washed with serum free medium. Three ml of Tri-reagent (Life Technologies Corporation, Carlsbad, Calif.) was added to each dish and RNA was immediately isolated following the instructions of the manufacturer. Isolated RNA was stored at −80°C till use. RNA concentrations were determined by spectrophotometry, and RNA integrity was assessed using an Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, Calif.). All samples scored at least 8/10 for overall integrity. Reverse transcription was conducted using the Ambion (Life Technologies Corporation, Carlsbad, Calif.) Retroscript© kit with random decamer primers following the manufacturer's instructions. Amplification for specific products was then carried out using the SybrGreener kit from Invitrogen (Life Technologies Corporation, Carlsbad, Calif.) on a Corbette 3000 real-time PCR instrument (Quiagen, Valencia, Calif.). The MDR1 primers were designed using the Primer3 Web interface \[[@r35]\]. Primer sequences are shown in [Table 1](#t001){ref-type="table"} Table 1Primers used in the real time PCR analysis*Gene transcriptForward primerReverse primer*Human MDR1 longTGACATTTATTCAAAGTTAAAAGCTAGACACTTTATGCAAACATTTCAAHuman MDR1 shortAAATTGGCTTGACAAGTTGTATATGGCACCAGCATCATGAGAGGAAGTCMouse MDR1AAAATTGGCTTGACAAGTTGTATATGGTGTGCTCTCTTCCCGCAGCCACMouse MDR1BAAATTGGCTTGACAAGTTGTATATGGCTCGGCCATCGTGGTGGCAAHuman HPRTValidated primers from Integrated DNA TechnologiesHuman GAPDHMouse RPL23. At the end of each amplification run, the melt profiles were generated for each amplicon to assess the quality of the target sequence amplification. Roto-Gene series 6000 software (Quiagen, Valencia, Calif.) was used to quantitate the amounts of target sequences relative to the housekeeping genes, HPRT, GAPDH, or RPL23. MDR1 primers and validated housekeeping gene primers were synthesized by Integrated DNA Technologies (San Diego, Calif.).

2.5. Immunostaining of cells for p-glycoprotein {#sec2-5}
-----------------------------------------------

Cells were grown to near confluency on glass cover slips. For staining, the cover slips were washed quickly in excess phosphate buffered saline containing 2% bovine serum albumin before being fixed in acetone and air dried. The cover slips were then stored at −80°C. The primary antibody used was an affinity purified rabbit anti-p-glycoprotein antibody purchased from Abiotech (San Diego, Calif.), and was used at a dilution of 1:100 in phosphate buffered saline containing 2% bovine serum albumin. After primary antibody staining and subsequent washes in phosphate buffered saline containing 2% bovine serum albumin, protein A Alexa Fluor 568 (Life Technologies Corporation, Carlsbad, Calif.) at a 1:200 dilution was used to label the bound anti-p-glycoprotein. SYBR Green (Life Technologies Corporation, Carlsbad, Calif.) was used as a nuclear counterstain. Control preparations either had no primary antibody or no protein A. The stained cells were examined on a Nikon Eclipse microscope with images acquired using Metamorph (Molecular Devices, Sunnyvale, Calif.). Collection times were 30 ms for green fluorescence and 60 ms for red fluorescence. Image J \[[@r36]\] was later used to quantitate the average red fluorescence per cell.

2.6. Imaging instrumentation {#sec2-6}
----------------------------

A schematic of the imaging setup is shown in [Fig. 2](#g002){ref-type="fig"} Fig. 2Schematic of the imaging setup. ND, variable neutral density filter; ID, iris diaphragm; L1, focusing lens; OB, imaging objective (camera lens or microscope objective); SF, spectral filter; CCD, imaging detector. Inserts show the mouse ear tumor (a) and the near-IR laser spot (b); 2PEF in a dye-doped plastic film positioned in front of the tumor visualizes the laser beam.. The sample was set on a three-axis adjustable translation stage and comprised either tissue phantom in 1 × 1 cm spectroscopic cuvette or the external ear of an anesthetized mouse. To excite the two-photon induced fluorescence we used near-IR femtosecond optical parametric amplifier (TOPAS-C, Light Conversion), which produced \~100 fs duration pulses at 1 kHz repetition rate and \~100 mW average power. The wavelength of the OPA could be tuned continuously in the range 800-1600 nm (combined signal and second harmonic of idler) . As the pumping source for the OPA we used pulses (795 nm peak wavelength, 150 fs duration, 1 W average power) from Ti:sapphire regenerative amplifier (Legend-HE Coherent), which itself was seeded by Coherent Mira 900 femtosecond mode-locked Ti:sapphire laser. The laser beam was passed through a variable neutral density filter and an iris diaphragm and was focused with a f = 10 cm lens about 1 cm behind the sample. The diameter of the beam (FWHM) at the sample was \~200 μm. The average incident power on the phantom as well as on the mouse ear was \~8-10 mW at 1100 nm and \~9-11 mW at 1200 nm. No photobleaching or photodamage of the fluorescent dye was observed. The fluorescence excited in the sample was imaged on a thermo-electrically cooled CCD detector (Xillix MicroImager PMI1400) in the direction perpendicular to the excitation beam using either a 75-mm f/1.4 objective lens or a microscope objective. In the case of phantom imaging, the sample was placed at distance \~28 cm from the CCD input, such that the field of view of the camera lens was about \~2 cm wide. For imaging of the mouse ear an extension tube was added between the objective and the CCD, which provided an additional 5x magnification and also reduced the corresponding field of view to \~4 mm. Further magnification along with corresponding reduction of the field of view to \~3 mm was achieved when the camera objective was replaced by a 4x microscope objective. A stack of color spectral filters or a liquid-crystal spectral filter (VariSpec, CRi, Woburn, MA) was placed in front of the CCD. The filters were selected to pass the fluorescence wavelength of the Styryl-9M dye (730-820 nm) while blocking the near-IR scattered laser light.

The mouse was anesthetized with isofluorane in oxygen using a face mask and an anesthetic machine. The respiration rate was detected using a small pressure detector and displayed on a monitor outside the imaging box.

3. Results and discussion {#sec1-3}
=========================

3.1. 2PEF imaging of tissue phantoms {#sec2-7}
------------------------------------

[Figure 3(a)](#g003){ref-type="fig"} Fig. 3(a) 2PA spectrum of Styryl-9M in chloroform (black line), shown as 2PA cross section (left y-axis) versus laser wavelength (bottom *x*-axis). 1PA extinction spectrum (blue dotted line) and fluorescence emission spectrum (red line) in chloroform; (b) 2PEF spectra in tissue phantoms with no cells (black squares), with normal cells (red circles), and with cancer cells (blue triangles), all normalized at 1100 nm and presented in arbitrary units. shows the two-photon absorption (2PA) spectrum of Styryl-9M in chloroform measured by standard fluorescence excitation method \[[@r21]\]. The 1PA extinction spectrum and the fluorescence emission spectrum are shown for comparison. The broad and intense peak at 1100 -- 1400 nm corresponds to the S~0~→S~1~ transition in the one-photon absorption (1PA) spectrum and is associated with the strongly dipolar nature of this molecule \[[@r23]\]. Our recent measurements \[[@r22]\] have shown that both the 1PA and 2PA spectra experience a large bathochromic shift with increasing solvent polarity, up to \~3000 cm^−1^ with the change of the solvent polarity function from 0.35 to 0.5. The fluorescence emission intensity also changed significantly when the pH of the aqueous solution was varied from 8 to 11 \[[@r22]\]. This evidence suggests that Styryl-9M has high sensitivity to its local environment. [Figure 3(b)](#g003){ref-type="fig"} shows the relative 2PEF spectrum measured as a function of the excitation laser wavelength in three different tissue phantoms. To quantify the observed differences, we normalize the data points such that at the shorter laser excitation wavelengths, λ~ex~\<1100 nm, the spectra essentially overlap. At λ~ex~ = 1200 nm, the sample with the normal cells shows 20% higher signal (relative to λ~ex~ = 1100 nm) compared to the reference sample containing no cells and the phantom with +SA cancer cells shows 80% higher relative fluorescence.

In the following experiments, we use the large ratiometric difference in the 2PEF spectra at 1100 and 1200 nm to distinguish between normal cells and cancer cells.

3.2. Dual wavelength 2PEF imaging of different types of cancer colonies {#sec2-8}
-----------------------------------------------------------------------

For a particular pixel of the CCD detector with coordinates *x~i~*, *y~j~*, the ratio of the fluorescence intensities excited with 1100- and 1200-nm pulses, *I~1100~*(*x~i~, y~j~*) and *I~1200~*(*x~i~, y~j~*), is given by
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Because the relative 2PEF at 1100 nm does not depend on the composition of the phantom, the ratio given by [Eq. (1)](#e1){ref-type="disp-formula"} effectively discriminates the pixel corresponding to the cancer cells from those where the signal originates from the normal cells (or with no cells). In practice, the images depend on the laser powers at 1100 nm (*P~1100~*) and 1200 nm (*P~1200~*) and also contain background signal and noise. To take these effects into account, we define the normalized fluorescence intensity ratio function as follows:
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which considers an integrated intensity over the spatial direction perpendicular to the laser beam (*x*) and observation (*z*) directions:
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where *M* is the total number of pixels in *y*-direction. In [Eq. (2)](#e2){ref-type="disp-formula"}, *I~B~*(*x~i~,*) is the background intensity (measured with the laser beam blocked).

[Figure 4](#g004){ref-type="fig"} Fig. 4Dependence of the fluorescence intensity ratio (2) on the *x*-distance across the phantom. (a) Homogeneous phantoms with uniform distribution of the cells throughout the collagen matrix. The coding of the colony types is shown in the inset. (b) Phantoms containing, in addition to normal cells, a single implanted colony of cancer cells. Distance is measured from the center of the phantom. Vertical dashed lines indicate approximate margins of the initially implanted cancer colony. The laser beam had a symmetrical Gaussian spatial profile with FWHM of \~200 μm. The excitation beam propagates from right to left. shows the normalized fluorescence intensity ratio (2) measured in 5 different phantoms where x corresponds to the laser beam propagation direction. The first two phantoms shown in [Fig. 4(a)](#g004){ref-type="fig"}, are homogeneous: One contains only normal cells (red symbols), and the other only the +SA cancer cells (blue symbols), uniformly in the collagen matrix in both cases. A small regular signal drift along *x*-direction is likely caused by increased scattering of the laser light within the sample. [Figure 4(b)](#g004){ref-type="fig"} shows the fluorescence signal observed in phantoms that contained mostly normal cells, simulating normal tissue background, with an implanted single cancer colony. Three different mammary cancer cell lines were used: MBA-MD-231, 4T1, and +SA. The spatial size (\~10 μm^3^) and the cell count (\~10^5^ cells) of each cancer colony were chosen to closely represent a typical case in a preclinical stage of malignancy. After a given number of tumor cells were introduced into the phantom, as described in Section 2, the phantom was incubated for one day before being stained and scanned. The colony was located near the center of the phantom. As described in Section 2, a template was used to ensure that the implanted colony was always placed in the phantom in the same location relative to the laser beam. The fluorescence ratio in [Fig. 4(b)](#g004){ref-type="fig"} shows a well-defined feature at the location of the cancer colony. As expected, the fluorescence ratio increases at the location of the cancer cells, whereas, outside of the cancer colony, the signal drops to the background level corresponding to normal mammary cells. [Figure 4(b)](#g004){ref-type="fig"} also shows that the imaged widths of the cancer colonies distributions are significantly narrower than those of real implants (vertical dashed margins in [Fig. 4(b)](#g004){ref-type="fig"}) may be explained by the defocusing effect due to both the scattering of laser excitation beam and of the emitted fluorescence.

3.3. Detection limits for the minimum number of cancer cells in phantoms {#sec2-9}
------------------------------------------------------------------------

Our next step was to evaluate the ultimate detection sensitivity of this new method. In other words, how small a colony can we detect within a much larger pool of normal cells? For this purpose, a series of phantoms were prepared containing progressively fewer cancer cells, starting from 10^5^ cells in a colony and going down to an estimated single cell. In this experiment, we used +SA and NIHOVCAR3 cancer cell lines.

[Figure 5](#g005){ref-type="fig"} Fig. 5Estimation of the smallest number of cancer cells that can be detected as a colony in the phantom. Horizontal axes -- estimated number of cancer cells in the implanted colony; Horizontal dotted line indicates the empirical threshold for the discrimination between the cancer-containing and cancer-free samples; (a) +SA cancer line. Solid curve: fit parameters used, *F^U^ =* 0.55, *F^B^* = 0.95, *N* = 10^6^, *N~Pgp~* = 40,000 and *ΔE/kT* = 16.0; (b) NIHOVCAR3 cancer line. shows the peak value of the fluorescence ratio (2) at the colony location for a series of samples with different estimated cancer colony cell counts. At the higher cell counts, \>10^3^ per colony, the signal is well above the background level. With the decreasing number of the +SA cells, the signal drops and becomes indistinguishable from the background for 200-300 cells per colony. On the other hand, with decreasing number of NIHOVCAR3 cells, the ratiometric fluorescence signature is clearly distinguishable even for as few as 10 cancer cells. The horizontal dotted line shows our empirical threshold for the fluorescence ratio used to discriminate between the samples diagnosed as cancer-containing, if the fluorescence ratio is above the threshold, or as healthy, if the fluorescence ratio is below the threshold.

The minimal estimated numbers of the cancer cells detectable with our new method are well in the range that would produce a significant impact for improved cancer diagnostics. Of course, the results for actual tissues might not be as good as for our phantoms, especially given that real tissues would show increased light scattering. However, even with this in mind, our result in collagen type I based phantoms with NIHOVCAR3 cells indicate possibility of extremely low minimal detection limits. Of course, detecting individual cancer cells is a standard procedure in histopathology \[[@r37]\], where single cancer cells are routinely identified based on the well-established morphological differences from the normal cells in stained tissue samples. However, traditional histopathology requires an actual biopsy, which is an invasive procedure. Our current result, which might be also called optical biopsy, is remarkable in the sense that we can optically detect small numbers of living cells in a three-dimensional environment, quite similar to their natural *in vivo* environment, with only a simple stain used in a non-invasive manner. For comparison, currently available non-invasive fluorescent techniques \[[@r1],[@r6]\] are able to detect malignant tissues only if they contain more than 10^5^--10^7^ cancer cells.

3.4. MDR1 expression profiles for the cells used in this study {#sec2-10}
--------------------------------------------------------------

The data for the relative protein and mRNA expression for MDR1 proteins for all the cell lines used in this study are collected in [Tables 1](#t001){ref-type="table"}--[3](#t003){ref-type="table"} Table 3PCR expression analysis for MDR1 proteins*Cell lineGene transcriptRelative expression normalized to the housekeeping geneHousekeeping gene*MDA-MB-231MDR1 long          00.19HPRTNIHOVCAR3MDR1 long          00.94HPRTMDA-MB-231MDR1 long          00.31GAPDHNIHOVCAR3MDR1 short          18.10GAPDHNorm. mouse mam. epith.MDR1A          00.52RPL23+SAMDR1A          03.93RPL234T1MDR1A          03.36RPL23Norm. mouse mam. epith.MDR1B          05.56RPL23+SAMDR1B          16.10RPL234T1MDR1B          12.40RPL23. [Table 2](#t002){ref-type="table"} Table 2Relative fluorescence for MDR1*Cell lineAverage p-glycoprotein fluorescent signal*4T124.2MDA-MB-23117.3+SA4.6Normal mouse mammary epithelium2.2 shows the relative fluorescence for MDR1 for all mammary cell lines used; [Table 3](#t003){ref-type="table"} shows the real-time PCR expression analysis for MDR1 proteins and [Table 1](#t001){ref-type="table"} shows the primers used in the real time PCR analysis. [Figure 6](#g006){ref-type="fig"} Fig. 6Fluorescence image of 4T1 cells stained with anti p-glycoprotein antibody and Alexa Fluor 568 protein A. shows the microscope image of 4T1 cell sample in the fluorescent immunostaining for MDR1 proteins.

Fluorescence resulting from staining with anti p-glycoprotein and protein A coupled to Alexa Fluor 568 was clearly present in the cytoplasmic/membrane portions of all the cell lines. Images captured with Metamorph ([Fig. 6](#g006){ref-type="fig"}) and analyzed with Image J, demonstrated that 4T1 showed the most fluorescence, while MDA-MB-231, +SA and normal mouse mammary epithelial cells showed progressively less fluorescence ([Table 2](#t002){ref-type="table"}). Therefore, on a protein based level, 4T1 cells can be regarded as relatively high expressors of MDR1. [Table 1](#t001){ref-type="table"} and [2](#t002){ref-type="table"} show the results of the real-time PCR experiments to compare the mRNA expression profiles for MDR1 proteins. Of the two human cancer cell lines examined, NIHOVCAR3 and MDA-MB-231, NIHOVCAR3 exhibited significantly higher expression of MDR1 mRNA. For the murine cell lines, for both MDR1A and MDR1B, the normal mouse mammary epithelial cells exhibited the least mRNA expression, while the two carcinoma lines, +SA and 4T1 exhibited similar higher levels. Comparative housekeeping genes were chosen to best match the average levels of the gene transcript being evaluated. LDS-751 (Styryl-8), has a very close structure to Styryl-9M and is known to be bound by p-glycoprotein leading to a spectral shift for the dye \[[@r34]\]. If, as is likely, Styryl-9M is also bound by p-glycoprotein, we might expect the positive correlation of increased spectral shift with p-glycoprotein expression and malignancy, seen in this article.

3.5. Evaluation of the binding energy of Styryl-9M to the cancer cell membrane {#sec2-11}
------------------------------------------------------------------------------

It was noted above that the dependence of 2PEF of Styryl-9M on different solvent polarity may be presented as a superposition of two distinct spectral forms \[[@r22]\], where the shorter wavelength excitation peak is due to the Styryl-9M dissolved in water, whereas the longer wavelength peak may be associated with a less polar environment \[[@r22]\]. Even though the spectral signatures obtained from the tissue phantoms ([Fig. 3(b)](#g003){ref-type="fig"}) are less distinct than in simple solvents, it is still likely that the difference in the fluorescence intensity resulting from the 1100 nm and 1200 nm excitation is caused by different local environments. In particular, such a difference may arise if the dye preferentially adheres to some specific membrane sites on the cancer cells such as p-glycoprotein receptors. These receptors belong to the class of so-called drug-efflux proteins, which are often overexpressed by cancer cells in response to therapeutic drugs, while in most normal tissues the p-glycoprotein receptor numbers are lower \[[@r38]\]. Therefore, it is reasonable to assume that, at 1100 nm excitation, the fluorescence has a larger contribution from the Styryl-9M molecules dissolved in the surrounding medium (unbound form), whereas at 1200 nm excitation, relatively more fluorescence originates from the dye molecules attached to the cancer cells (bound form).

With the above assumptions, the normalized ratio of the fluorescence intensities detected at the two excitation wavelengths may be expressed as (for *P~1100~ = P~1200~*)
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where *σ~2~^B^*(*λ*) and *σ~2~^U^*(*λ*) are the 2PA cross sections of the bound- and unbound forms at the corresponding excitation wavelength, *φ^B^* and *φ^U^* are the effective fluorescence quantum yields including the fluorescence collection and detection efficiency, and *N^B^* and *N^U^* are the numbers of the bound- and unbound dye molecules in the excitation volume. Earlier we have defined the effective fluorescence quantum yields such that at 1100 nm the two signals match:
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The above relations allows us to recast the normalized fluorescence ratio in the form
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where *N* is the total number of the dye molecules, *N* = *N^a^* + *N^B^*.

The equilibrium distribution between the dye molecules in the bound- and unbound states is governed by the equation
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where *N~c~* is the number of cancer cells in the colony, *N~Pgp~* is the average number of receptors per cancer cell, *ΔE* is the binding energy (if the change in entropy is disregarded for hindered motion of a dye inside the viscous phantom). By solving [Eq. (7)](#e7){ref-type="disp-formula"} with respect to *N^B^* and substituting the resulting value into (6), we find the following expression for the normalized fluorescence ratio as a function of the number of cancer cells:
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where *F^U^* and *F^B^* are the fluorescence ratio values, respectively, if there are no cancer cells and if all dye molecules are bound. The solid line in [Fig. 5(a)](#g005){ref-type="fig"} **s**hows the best fit of the measured dependence on the number of +SA cancer cells, where *F^U^ =* 0.55 and *F^B^* = 0.95 correspond to the extreme left and to the extreme right side of the graph. The best fit value for the binding energy is, *ΔE/kT* = 16.0 ± 0.5, which lies in a reasonable range for non-covalent bonding. The dash-dotted curves above and below the solid curve in [Fig. 5(a)](#g005){ref-type="fig"} indicate the estimated uncertainty of the binding energy value. Other two best fit parameters for the total number of the dye molecules is, *N* = 10^6^, and the number of the receptors in one cancer cell, *N~Pgp~* = 40,000. We note that even though these values are quite plausible, it is hard to estimate independently how many dye molecules diffuse into the phantom. The fact that the experimental data seems to be consistent with the model may corroborate our hypothesis that the adherence of Styryl-9M to the cancer cells may be responsible for the observed concentration dependence. Alternatively, the saturation of the fluorescence ratio at high cell counts may be also caused by quenching of the fluorescence, e.g., if more than one dye molecule becomes attached to the same site. Unfortunately, no meaningful fit for the NIHOVCAR3 data could be obtained due to insufficient experimental data points.

3.6. Mouse ear imaging {#sec2-12}
----------------------

The thin pinna of the mouse ear is an excellent site for initial *in vivo* imaging studies. Many malignant tumors will grow in this site, including the 4T1 murine mammary carcinoma (see [Fig. 2](#g002){ref-type="fig"}), and access to the pinna is simple in an anesthetized mouse. When the animal is anesthetized, the rear 2/3 of the body can be immobilized in an appropriate diameter tube. The anesthetic is delivered by a face mask that does not extend to cover the external ears. When the laser beam was moved across an area of the pinna containing no obvious tumor, the only distortion of the fluorescence ratio occurred as the beam moved over the edge of the ear ([Fig. 7(c)](#g007){ref-type="fig"} Fig. 7Dual wavelength 2PEF imaging of the pinna of the mouse ear with the laser beam perpendicular to the pinna. Panels (a) and (c) show the image and the integrated intensity trace for an apparently normal region of the pinna of the ear; Panels (b) and (d) show the same for a region containing the 4T1 tumor.). In contrast, when the laser beam moved over an area of the pinna containing tumor tissue, while the distortion seen as the beam moved over the edge of the ear was again noted, a strong signal, in the opposite direction, was also seen at the position of the tumor ([Fig. 7(d)](#g007){ref-type="fig"}). The signal resembled that found for tumor colonies in the phantom studies. Even though this is a very preliminary experiment, it is encouraging for the development of *in vivo* imaging using these protocols.

As mentioned earlier, the tissue of the external ear is much denser than our collagen type I based phantoms. However, this did not degrade the relevant fluorescent signals, and a clear difference is seen between normal and cancer tissue. We have made no attempt to map the tumor within the ear using the fluorescent signals, but this is an obvious future direction, and one that will require significant software application. Success in such an endeavor would constitute a first step towards image guided therapies. While the pinna of the ear is an excellent site for initial tissue studies, it does not provide any information as to the depth limitations of our approach in tissues. Our imaging technique should have good depth efficacy given that both the excitation and fluorescence emission wavelengths lie within the "tissue transparency window." Depth efficacy studies are, also, obvious future directions for this project. Because of the positive correlation of MDR1 expression with the sensitivity of cancer detection in our imaging system, proof of Styryl-9 binding by p-glycoprotein needs to be sought, and the extent to which tumor malignancy can be correlated to Styryl-9 fluorescence parameters determined. Clinically, the possibility exists the Styryl-9 fluorescence parameters could provide a surrogate marker for likely multiple drug resistance.

4. Conclusions {#sec1-4}
==============

To conclude, we have shown that a commercially available near-IR fluorescent organic dye, Styryl-9M, can be used for sensitive quantitative imaging of small cancer cell colonies embedded deep in biological tissue phantoms. Our method is based on the detection and quantitative analysis of the fluorescence signals obtained with two-photon excitation at two different wavelengths (1100 nm and 1200nm) in the near-IR range, where Styryl-9M shows a strong dependence of the 2PA and 2PEF on the local environment. We show that by calculating the normalized ration of the fluorescence intensity at 1200 nm and 1100 nm excitation wavelengths we achieve high sensitivity of detecting cancer cells surrounded by normal tissue cells. The two-photon fluorescence results showed a positive correlation with the levels of MDR1 proteins expressed by the cells, and for high MDR1 expressors, as few as ten cancer cells could be detected. Similar high sensitivity is also demonstrated for tumor colonies in mouse external ears. By comparing normalized ratios of the signal intensity at different wavelengths we are able to distinguish between samples with cancer cells, without cells, and with normal cells. We show that this dual wavelength ratiometric imaging allows, for first time, the spatial localization of as few as 10 cancer cells inside tissue phantoms. The proposed method seems promising for non-invasive optical detection of cancer. It can be applied for cancer diagnostics by differentiation of cancer vs. normal cells, as well as for precise localization of tumors.
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